Electrodeposition of Fe-W alloy has been carried out from acidic triammonium citrate (TAC) complex bath solution. The deposit is characterised by XRD, SEM, EDAX, XPS and polarization techniques. The alloys are amorphous and become partially crystalline on heat treatment. The composition (Fe/W) of elements in the coating and their oxidation states vary from the surface to the bulk of the material. The coatings exhibit as novel electrode material with low over voltage and good corrosion resistance for anodic oxidation of methanol in H 2 SO 4 medium. The anodic peak current, a measure of oxidation reaction rate is considerably high on Fe-W alloy when compared to pure Fe and also the relative surface area of Fe by alloying it with W found to increase by 1200-fold. #
Introduction
Tungsten forms alloys with iron group metals [1] and retains functional properties (mechanical, magnetic, etc.) even at elevated temperature. Hence, these alloys find wide spread applications in industrial sector. It is difficult to electrodeposit these alloys from aqueous solution because of the co-deposition of hydrogen and tungsten is reluctant metal to deposit. Attempts have been made to coat these alloys by electroplating technique using tailor made plating bath solutions [2, 3] .
Methanol oxidative fuel cell is a prospective power source since it is an easily refuelable power stack in the electrically driven vehicles [4] . It is almost on the verge of abandonment because of the facts-methanol oxidation reaction is kinetically sluggish and oxidation reaction intermediates can seriously poison the anode materials [5] . Exhaustive literature is available on the development of new electrodes of which few reports are noteworthy. Composites of Pt [6, 7] with Ru, WO 3 2À and Ni-Pd [8] alloys are used as anode in methanol oxidative fuel cell. However, the preparative procedures of these materials are tedious and are not economically viable. Alloys of tungsten exhibit good corrosion resistance towards highly corrosive media [9] which is one of the pre-requisites of electrode materials to perform better in fuel cell electrolytes. As a part of wide spectrum of work in our laboratory in the development of new electrode materials for H 2 -O 2 and methanol oxidative fuel cells [10] [11] [12] [13] [14] , in this communication we report on the electrochemical synthesis and characterisation of Fe-W alloys to use as effective anode for methanol oxidation in H 2 SO 4 medium. The electrode preparation is simple and cost effective. The prepared electrode is stable and acts as electrocatalyst during anodic oxidation of methanol.
Experimental
All solutions were prepared by using AR grade chemicals and distilled water. Fe-W alloys were deposited on copper foils (99.9%, 10 mm Â 10 mm Â 0.5 mm). Prior to deposition, copper foils were pre-treated by standard procedures [15] . Plating experiments were carried out in all glass three-neckedcell of 250 ml capacity at 303 K for 30 min to 1 h. The pH of the bath solution was maintained at 3.0 using dil. NaOH/H 2 SO 4 . Both deposition of the alloys and polarization in H 2 SO 4 -methanol mixture were carried out under galvanostatic conditions (1-100 mA/cm 2 ) using a potentiostat/galvanostat (EG & G PAR 362). A large platinum foil and saturated calomel electrode were used as auxiliary and reference electrodes, respectively. A luggin capillary between working electrode and reference electrode was used to minimise the IR drop. The surface morphology and phases of deposited alloy were studied by scanning electron microscopy (SEM) and X-ray diffractometer (XRD) (Simen D5005 with Cu Ka radiation). Coatings of alloys were de-stripped in 1:4 nitric acid-water mixture, iron and tungsten contents in the alloy were estimated calorimetrically [16, 17] .
X-ray photoelectron spectroscopy (XPS) of the deposited thin films were recorded on an ESCA-3 Mark II spectrometer (VG Scientific Ltd., England) using Al Ka radiation (1486.6 eV). The binding energies were evaluated with respect to C (1s) peak at 285 eV with a precision of AE0.2 eV. The samples were placed into an ultra high vacuum (UHV) chamber at 10 À9 Torr housing the analyzer. Prior to mounting, the samples were kept in the preparation chamber at ultra high vacuum (10 À9 Torr) for 5 h in order to desorb any volatile species present on the surface. Intermittent sputtering was performed by using defocused Ar + ion beam at low voltage and current over an area of 0.8 mm Â 2.4 mm.
Sputtering was carried out to remove successive layer of few angstroms and to know the composition of the material in the particular layer. The experimental data were curve fitted with Gaussian peaks after subtracting a linear background. For Gaussian peaks, slightly different full width at half maximum (FWHM) was used for different chemical states. The spin orbit splitting and the doublet intensities were fixed as given in the literature [18] . The concentrations of different chemical states were evaluated from the area of the respective Gaussian peaks.
Results and discussion

Deposition of Fe-W alloys
The complexing agent in the plating bath solution produces good quality coatings during electroplating [19] . 
Microstructure and surface morphology
Anodic oxidation of methanol is controlled by surface reaction [20] and comprehensive understanding of such a process needs good knowledge of microstructure and nature of the surface of anode material. In order to know some of these details, coatings obtained under different experimental conditions are taken for XRD, SEM and energy dispersive X-ray (EDAX) analysis.
XRD data of coatings on copper substrate without and with heat treatment are given in Table 1 . The deposited alloy is largely amorphous because the XRD patterns contain only broad and diffused bands with few low intensity peaks. However, on heat treatment, the coatings become crystalline with the formation of new phases. From the XRD patterns of the heat-treated sample, the particle size was calculated and found to be 350 Å . Fig. 2 gives the EDAX patterns of Fe-W alloy. The peak with respect to copper was absent. These results indicate that Fe-W coating is coherent and free from pores. Fig. 3a shows a micrograph of as-prepared Fe-W alloy. The surface has the characteristics of a dense uniform coating with a nearly uniform grain size. The appearance of few black spots on the surface may be due to weakly adsorbed contaminants derived from the slow electrolysis of organic components (TAC/DMSO). The surface is associated with less number of black spots after polarization of the coating in methanolsulphuric acid mixture (Fig. 3b) . Cracks are developed on the surface without black spots on heat treatment (Fig. 3c) . The grain size of the heat-treated coating is evaluated from SEM data and found to be 355 Å which is comparable with the value obtained from X-ray data.
3.3. X-ray photoelectron spectroscopic studies XPS studies of solid material give very useful information on the elemental composition and their oxidation states both on the surface and in the bulk of the sample (up to few layers).
In Fig. 4 XPS of Fe(2p) core level of plated Fe-W sample and the same after 5 and 15 min sputtering are shown. These results showed that Fe is in +3 oxidation state along with satellite peaks. Fe(2p 3/2,1/2 ) peaks at 711.7 and 725.6 eV (Fig. 4a ) are assigned to Fe 3+ oxidation sate [21] . But the alloy film after 5 and 15 min sputtering shows the Fe(2p 3/2,1/2 ) peaks at 704.4 and 720.5 eV which are characteristic of Fe metal ( Fig. 4b and c) . However, XPS data without sputtering do not vary with heat treatment. In contrast, Fe(2p) spectra of the heattreated film after 5 and 15 min sputtering, consists of Fe(2p 3/2 ) peaks at 710.1 and 710.0 eV, respectively. These data indicate the presence of Fe 2+ in the sputtered film after heat treatment ( Fig. 4d and e) .
XPS of W(4f) core level region in as-prepared film shows peaks at 35.6 and 37.8 eV corresponding to W 6+ (4f 7/2,5/2 ). But the characteristics of the peak changes on sputtering for 5 and 15 min. Typical W(4f) and W(5p 3/2 ) core level regions are shown in Fig. 5 . The spectrum could be deconvoluted into two sets of spin-orbit doublets. Accordingly, W(4f 7 Table 2 .
The surface concentration ratio of Fe(2p) to W(4f) is evaluated by the relation:
where C, I,˙s, l and D E are the concentration, intensity, photoionization cross-section, mean escape depth and geometric factor, respectively. Integrated intensities of Fe(2p) and W(4f) peaks are accounted for calculating the concentrations. Photoionization cross-sections and mean escape depths are taken from the literatures [23, 24] . The surface concentration ratios of Fe to W in as-prepared Fe-W alloy film obtained under different conditions are given in Table 3 . The surface concentration ratio of Fe to W is 30 in as-prepared film suggesting the enrichment of Fe on the surface of Fe-W alloy film. But the Fe to W concentration ratio is found to decrease on successive sputtering. Similar trend is observed in the case of heat-treated sample.
Polarization studies
Alloys of Fe and W with sufficient thickness are prepared and used as electrode material (anode) for electrochemical oxidation of methanol in sulphuric acid medium since sulphuric acid is extensively used as electrolyte in methanol fuel cell [25] . Galvanostatic polarization curves for the methanol oxidation on Fe-W alloys are obtained at different current densities (10 and 100 mA/cm 2 ) in 1 M CH 3 OH containing 0.5 M H 2 SO 4 at 303 K (Fig. 6 ). Low overpotential (measure of electrocatalytic activity) was observed in the case of alloy coating obtained at high current density. The electrochemical parameters for methanol oxidation on Fe-W alloy are given in Table 4 . The overpotential depends on the concentrations of H 2 SO 4 and methanol. A decrease in H 2 SO 4 concentration or increase in the concentration of methanol results in the lowering of overpotential. Heat-treated Fe-W alloy is associated with low overpotential at low temperature, much lower than the value obtained with other electrode material [26] in a similar system. Fig. 7 presents the cyclic voltammogram obtained on pure iron and Fe-W alloy deposit in 1 M CH 3 OH containing 0.5 M H 2 SO 4 at 50 mV/s. When polarized from À2000 mV on iron electrode, the zero current crossing potential (ZCCP) was found to be À510 mV followed by a small peak at À530 mV. On Fe-W alloy surface ZCCP was at À675 mV. Anodic peaks appeared at À575 mV followed by another peak at À500 mV. The peak at À575 mV is due to the oxidation of adsorbed hydrogen atoms. The catalytic activity was evaluated from the second anodic peak currents ( Table 5) .
The increase in catalytic activity upon heat treatment in the present system may be attributed to the change in nature of the surface of the deposit [27] . It is difficult to account the electrocatalytic activity of the electrode material because it is related to several complex parameters associated with surface and bulk properties of the coating: surface area, grain size and grain orientation, crystal structure, nature of chemical species and their composition, electronic conductivity, etc. In order to evaluate the relative increase in surface area of Fe-W by alloying W with iron, cyclic voltammetric experiments were carried out in the potential range À1500 to 0 mV at a suitable scan rate of 50 mV/s in a mixture of 1 M CH 3 OH and 0.5 M H 2 SO 4 .
The electrocatalytic activity is related to increase in surface area as
where i p is the peak current due to CH 3 OH oxidation and i 0 p is the peak current due to H 2 oxidation, i 1 p is the peak current due to CH 3 OH oxidation on pure iron:
Pure iron is not a good electrode as it passivated due to the hydrolysis of the salt at pH > 5. The alloys exhibited better corrosion resistance (Table 4) in H 2 SO 4 medium. Prolonged electrolysis up to 100 h is conducted at 100 mA/cm 2 using alloys obtained at different current densities in 0.5 M H 2 SO 4 containing 1 M methanol at 303 K. The anode is quite stable and exhibited steady overpotential (AE10 mV) (Fig. 8) , which is one of the key characteristics of a high performing anode in a fuel cell. The electro-oxidation of methanol is a complex process, which is retarded by the adsorption of reaction intermediates like CO, formaldehyde, etc., on the electrode surface [20] . In order to identity the reaction intermediate during oxidation cyclic voltammetric experiments are conducted. In aqueous solution under slightly acidic condition, zinc sulphate in presence of formaldehyde gives characteristic cyclic voltammogram [28] . In the present system, cyclic voltammogram is obtained on Fe-W alloy microelectrode using oxidised acidic (0.5 M H 2 SO 4 ) methanol solution containing zinc sulphate. These results are compared with those obtained in acidic zinc sulphate solution containing formaldehyde. Similar results (Fig. 9 ) are obtained and confirm the presence of formaldehyde as intermediate during the oxidation of methanol in H 2 SO 4 medium. A small portion of oxidised solution is coloured with chromotropic acid and UV absorption spectrum is taken. The absorption at 570 nm further confirms the presence of formaldehyde as reaction intermediate [20] .
Conclusion
Electrodeposited Fe-W alloys from a plating bath solution with TAC as a complexing agent for Fe 2+ ions, are partially crystalline. Oxidation states of Fe and W vary from the surface and to the bulk of the coating. Surface area of Fe gets enhanced by alloying it with W. The deposited alloys perform as a better anode material with low overvoltage for methanol oxidative fuel cell in H 2 SO 4 medium at normal working temperature. The heat treatment of the coating improved the crystalline nature with the formation of new phases, corrosion resistance and electrocatalytic activity. Formaldehyde is a reaction intermediate which does not interfere during oxidation of methanol. 
